The hydrogeological study of Apapa, a coastal part of Lagos, Nigeria, has been investigated using combined geophysical borehole logs, consisting of natural gamma and electrical resistivity components and ditch cutting samples. This study utilized data from 10 boreholes to delineate freshwater aquifer and proposes the best borehole design and construction for optimum groundwater developments in the study area. The electrical resistivity log data show that the depth to the freshwater interface varies across the study area occurring between 150 and 160 m and as shallow as 110 m in a borehole. The variations in depth of the freshwater interfaces are attributed to the extent of saline/brackish water contamination and distribution of rock types. Based on these differences and the inability to identify water quality from ditch cuttings, borehole geophysical logging is a vital tool in providing in situ subsurface information of the rock types and fluid contents in groundwater studies. This further demonstrates that geophysical borehole logs play an important part in borehole design for development of water wells.
Introduction
The continuous increase in world population growth, industrialization, and agricultural complexes has led to high demand for portable water globally, thus making access to safe drinking water a difficult reality. Generally, groundwater is the most important source of freshwater resource for domestic and industrial in coastal regions. However, availability of freshwater is severe in most developing nations, and a lot of people lack access to potable water.
The study area, Apapa, is a densely populated and highly industrialized area with several interconnected paved roads and partly sand-filled reclaimed islands (e.g., Snake Island). As a consequence, Apapa is usually flooded, and most of the constructed water drainages are mostly blocked with human and industrial hazardous wastes during the raining season. Like most other coastal parts of Lagos, groundwater from shallow aquifers in coastal Apapa have been greatly contaminated by variety of pollutants including sewage disposals, municipal and industrial wastes, and spills and leaks from transport and storage of liquids. This makes availability of freshwater at shallow depths practically impossible due to the problem of saltwater intrusion and infiltration of polluted surface waters into the water table. Groundwater extraction for domestic and industrial use in the Apapa Area and environs is only possible in well-constructed boreholes drilled into deeper aquifers, which are very expensive for an average citizen to afford. Therefore, the only source of available water for people living in these areas is water from poorly constructed and less expensive hand-dug wells or boreholes. However, water from these wells is not only contaminated but dangerous to human health because of the presence of high concentrations of total dissolved solids and certain inorganic constituents, making the water unfit and unpleasant for drinking and other domestic uses. Unfortunately, in an attempt to save borehole drilling costs and non-compliance to government regulations, most of the boreholes drilled to deeper depths are poorly designed, constructed, and left uncontrolled for groundwater quality degradation. Oftentimes, their performances are short lived due to saltwater intrusion or infiltration of polluted water.
Delineation of freshwater aquifer in coastal regions is of particular importance because of the influence of sea level change on groundwater salinity and/or migration of salt/ brackish water intrusion into groundwater aquifers. Episodic changes in freshwater-saltwater interface levels in coastal groundwater are due to climatic variations, sea level fluctuations, decrease in recharge, and increase in groundwater pumping (Meisler et al. 1985; Barlow 2003) . These factors impose hydrologic conditions that usually influence migration of saltwater from the sea toward boreholes in hydraulic connection with the sea, thereby reducing the natural gradient to the sea and make the freshwater-saltwater interface move inland (Buckley 2000; Buckley et al. 2001 ). Saltwater and freshwater-saltwater interface can be detected directly in drilled wells by electrical electrodes (downhole geophysical logging) and water sampling, or indirectly by electrical geophysical methods such as ground penetrating radar, surface geophysical resistivity (vertical electrical sounding) (Melloul and Goldenberg 1997) . Both direct and indirect electrical geophysical techniques have been successfully used in evaluating coastal aquifer characteristics and monitoring of saltwater intrusions in groundwater studies because of the influence of salinity on electrical conductivity (sharp contrast in conductivity between freshwater and saltwater) (Archie 1942; Hallenburg 1987; Repsold 1989; Mares et al. 1994; Buckley 2000; Buckley et al. 2001) .
In this study, electrical and gamma geophysical log data were integrated with drill cutting samples from ten freshly drilled boreholes to delineate the freshwater-saltwater transition zone (interface), identify potential freshwater aquifers, and propose the best completion designs for borehole constructions in the coastal Apapa Area of Lagos, Nigeria.
A multi-parameter geophysical probe was used to simultaneously measure the gamma and electrical resistivity. These combined techniques can provide more valuable and nearaccurate information of the subsurface strata and help in identification, evaluation, well completion designs, construction, and development of potential freshwater for sustainable use in coastal aquifers. Geophysical logs have proven to be valuable tools in well design because they can indicate the exact depths and thicknesses of the right aquifers (permeable zones) where quality groundwater is available and substantial to be screened for groundwater extraction. They can also show impermeable layers and intervals with poor-quality water to be cement grouted and sealed during construction of water wells. This paper also reiterates the importance of geophysical borehole logging in groundwater studies of not only coastal aquifers, but generally in management of groundwater in sedimentary strata.
Geophysical borehole logging
Downhole geophysical borehole logging is an in situ nondestructive process of measuring the physical, chemical, and structural properties of penetrated geological formations and surrounding borehole annulus. The technique involves lowering of sonde (probe) into a borehole using suspended armored cable or wire device called wireline or logging cable. The logging cable is connected to the winch and transmits recorded signals to the digital computers for data visualization, monitoring, and recording. The measured subsurface properties are dependent on the type of the lowered probe. Geophysical logs have been widely used, especially in petroleum industry, as tools in unraveling information on aquifer and fluid characteristics, paleo-hydrogeology, and correlation and distribution of subsurface sedimentary strata. Because geophysical logging is a repeatable and comparable process, it can be used to provide continuous in situ information on the subsurface rock type, bed thickness, permeability, porosity, bulk density, resistivity, and the nature of saturating fluids (Hallenburg 1987; Repsold 1989; Mares et al. 1994; Keys 1997; Buckley 2000; Hearst et al. 2000; Buckley et al. 2001 ). In addition, geophysical logs can confirm the completion details, identify the individual water inflows, characterize salinity and freshness, determine freshwater-saline water interface, and identify problems in cased boreholes (Buckley et al. 2001) . It can therefore act as a guide in borehole designs and rehabilitating process of damaged boreholes.
Interpretations of the geophysical logs are based on the empirical field data, variation of log signatures in response to geologic and hydrogeological character of subsurface strata and fluid contents, and the knowledge of the local geology of the study area (Keys 1997; Buckley 2000; Hearst et al. 2000; Buckley et al. 2001) . Despite its numerous applications in subsurface characterization, geophysical logs are not a substitute for drilling and drill cuttings, which are not sufficient to evaluate the water quality and hydraulic properties of the aquifer in hydrogeological studies and borehole design but rather supply in situ complimentary information on aquifer rock types and fluid contents. Therefore, understanding the hydrogeology and aquifer characteristics of subsurface strata (especially in coastal aquifers that are commonly affected by saline intrusion) typically requires accurate information of the aquifer water quality and hydraulic properties (Buckley 2000; Buckley et al. 2001 ). This information is commonly obtained from combination of drill cuttings or cores, geophysical borehole logging, and aquifer testing.
In groundwater hydrogeological studies, the commonly used geophysical logs include natural gamma (NGAM), spontaneous potential (SP), electrical resistivity (ER), caliper, and temperature. The gamma and SP logs provide information on the rock type; ER log measures the resistance of the rock and salinity of water contents, while the caliper and temperature logs record the borehole diameter and the water temperature, respectively (Mares et al. 1994; Spies 1996) . Only the NGAM and long-normal (LN) ER data are presented in this study. The NGAM records the natural radiation emitted from the rocks around a borehole. The NGAM log is affected by the distribution of potassium, uranium, and thorium and their isotopes present in an earth material, making it a useful tool in determining the lithology of a borehole (Keys 1997; Hearst et al. 2000; Buckley et al. 2001) . Typically in sedimentary sequences, fine-grained materials, including shales, clays, silts, record high NGAM counts because of the affinity of clay minerals for potassium, and coarse-grained materials such as sandstones and limestones have relatively low NGAM counts. ER is a measure of the apparent electrical resistance or conductance within the formations, and it is affected by the lithology, water quality, and pore geometry (Mares et al. 1994; Keys 1997; Hearst et al. 2000; Buckley et al. 2001) . The resistivity of freshwater-bearing sands is higher than freshwater-bearing clay because of the high conductivity of clay. However, saltwaterbearing sands will have a lower resistivity.
The study area
Apapa is located to the west of Lagos Island and close to the lagoon and Atlantic Ocean in Lagos State, southwestern Nigeria ( Fig. 1 ). It is a lowland area with elevation generally ranges from between 2 and 5 m above mean sea level. Like other southern parts of Nigeria, Apapa experiences dry and wet seasons from November to March and April to October, respectively. Annual mean precipitation and temperature of Apapa are 1600 mm and 25 °C, respectively, with 75% humid (Ola et al. 2010) .
Surficial and subsurface sediments of the area comprise of Quaternary to Recent alluvial deposits and coastal plain sands of the Dahomey Basin ( Fig. 1 ; Jones and Hockey 1964; Durotoye 1975; Longe et al. 1987) . The Dahomey Basin is an extensive Cretaceous, Tertiary and Recent sedimentary basin covering three southwestern states (Lagos, Ogun and Ondo) in the Nigeria sector of the basin (Jones and Hockey 1964; Whiteman 1982; Olabode and Mohammed 2016) . The basal Cretaceous deposits of the Dahomey Basin, known as the Abeokuta Group, consist essentially of coarse-grained sandstones with interlayered shale in the lower part. Locally, the Abeokuta Group has been subdivided into Ise, Afowo, and Araromi formations (Omatsola and Adegoke 1981). The overlying Tertiary deposit is composed of the Ewekoro, Akinbo shales, Oshoshun, Ilaro, and Alluvial coastal plain sand formations (Fig. 1) . The uppermost alluvial and coastal plain sands deposit of Quaternary to Recent age consist of alternating successions of unconsolidated sands and clays, occurring along the coastal belt and as alluvial deposits along major rivers.
Numerous hydrogeological studies have been carried out in Apapa and environs to understand the hydrogeology and aquifer characteristics, and delineate the fluctuating freshwater-saltwater interface (e.g., Oteri 1986; Longe et al. 1987; Adepelumi et al. 2009; Ola et al. 2010; Ayolabi et al. 2013) . Most of these studies identified four major aquifers and increasing salinity with depth within the alluvial and coastal plain sand. The aquifers are separated by alternating sequences of clay, clayey sand, and sandy clay with varying thicknesses. The uppermost aquifer sands contain freshwater that is highly susceptible to infiltration of polluted surface water and anthropogenic and biologic pollution. This is the aquifer that many locals get there water for domestic use and/or drinking from shallow hand-dug wells. The underlying aquifer contains mixture of freshwater and saltwater (brackish water), corresponding to the freshwater-saltwater transition zone. This aquifer unit is underlain by saltwaterbearing sands with variable thickness across the coastal part of Lagos. The fourth aquifer unit contains freshwater and is present at deeper depths. The depth to the freshwater-saltwater interface between the third and fourth aquifer varies, but constrained to be in the range of 150-200 m (Ola et al. 2010) .
Methodology
Geophysical borehole logs and ditch cutting samples collected from ten drill holes were available for this study ( Fig. 2 ; Table 1 ). The logs were run in uncased boreholes immediately after drilling to varying depths. The logging process was carried out using a 600DL Delta Epsilon logging unit that is equipped with a combined GE-9409 sonde that simultaneously measures the NGAM, SP, and ER (short normal, SN: 16″ and LN: 64″) data. The NGAM and SP log components are qualitatively interpreted to provide information on the different rock units encountered in the boreholes, and the resistivity components provide information on the rock units and quality of the water contents in the noninvaded zone (64″). Combined, ditch cutting sample observations and the NGAM log were used to construct geologic litho-sections of individual borehole in the studied area to model various rock units within the study area.
Interpretation of the NGAM log is based on the assumption that the deflection, after establishing a shale/clay baseline, of the log signal to the left (negative) indicate a permeable groundwater-bearing zone (aquifer-usually sand and sandstones) and a deflection to the right (positive) indicate an impermeable groundwater units (shale or clay). On the ER log, in the absence of shale/clay, high and low ER values indicate presence of freshwater and saltwater/brackish water, respectively. Furthermore, the NGAM deflections and ER data were correlated to delineate the freshwaterbearing aquifers. For instance, a deflection of the NGAM to the left with increase in resistivity values corresponds to a freshwater-bearing aquifer with lower total dissolved solids (TDS), whereas a low resistivity value corresponds to saline/ brackish water aquifer with high TDS (Table 2) .
Results and interpretation
Digitized representative geophysical log and ditch cutting data of the studied boreholes are presented in Figs. 3, 4 , and 5. For brevity, only three of the studied boreholes (BH 1, BH 4, and BH 8), which are considered to representative of different parts of the study area, (Fig. 2) are described in details. Generally, the NGAM log and ditch cutting samples revealed that the subsurface lithology of the study area in all the boreholes consists of alternating layers of sand, clay, clayey sand, and sandy clay (Figs. 3, 4 , and 5). The thickness of the various units varies across the area, and the major water-bearing sand-(aquifer) units mostly consist of thin lenses of interlayered impermeable clays (aquiclude or aquitard). In our interpretations, thick sand units that are separated by thin clay/clayey sand/sandy clay layers are merged and considered as a single uniform and continuous sand unit (Figs. 4 and 5 ). In addition, in few of the boreholes, where thick continuous sand layer is rare, clayey sands and/or sandy clay constitute the major water-bearing units (Fig. 3) .
Bh 1
BH1 is located in Tin Can Island and was drilled and logged to 234 m and 211 m depths, respectively (Fig. 3 ). 
Bh 4
BH4 is located in Wharf Area of Apapa. It was drilled and logged to 265 m and 260 m depths, respectively (Fig. 4) . The NGAM values in the borehole range from a minimum of 25 to a maximum of ~ 180 cps. The upper 10-60 m depths consists of thick clay with resistivity of 
Bh 8
BH8 is located on Azare Cresent, Apapa. It was drilled and logged to 230 m and 220 m depths, respectively (Fig. 5) . The NGAM values in the borehole range from 10 to 190 cps. The uppermost part is consists of clayey sand between 10 to 35 m depths with resistivity values ranging from 20 to 150 Ωm. This section is underlain by clay unit from 35 to 48 m with resistivity values between 40 and 70 Ωm. The underlying unit consists of thin sand and clayey sand from 48 to 138 m with considerable increase in resistivity values from 40 to 100 Ωm, corresponding to the saline/brackish water-freshwater interface. This is underlain by a thick clean sand unit from 138 to 220 m with resistivity values ranging from 100 to 300 Ωm, consistent with freshwater-bearing sand.
Discussion
Lithology identification and understanding the characteristics of saturating fluids in the subsurface rocks in groundwater developments are important because they give insights into the characters of potential aquifers for freshwater extraction. The varying lithology of the study boreholes that include alternating sequence of clay, clayey sand, sandy clay, and sand is typical of Coastal Plain Sands described in the Dahomey Basin (e.g., Oteri 1986; Longe et al. 1987; Adepelumi et al. 2009; Ola et al. 2010; Ayolabi et al. 2013 ). The coastal plain sands have been described to be the major source of fresh groundwater water in Lagos and environs (Coode Blizard et al. 1996) .
The integrated geophysical log data and ditch cutting data in the study identified three principal sections showing two major transitions in the studied boreholes. The first section corresponds to the high resistivity freshwaterbearing sands in the shallow part, mostly < 50 m depth, resting on the saltwater-bearing sands in most of the boreholes. This transition from freshwater to saltwater tends to be sharp (Fig. 3) . The occurrence of this freshwater shallow unit tends to be location and lithology dependent as it is absent in some of the boreholes (e.g., BH4). However, groundwater extraction from this shallow aquifer for drinking and domestic use is unpleasant and need to be discouraged because of the potential risk of pollution and saltwater infiltration (e.g., Omosuyi et al. 1999; Ola et al. 2010) . The second section, mostly between the 60 and 150 m intervals, represents the saltwater and saltwater/brackish water-freshwater interface based on their low resistivity values (Table 2; Figs. 3, 4, and 5). The contact between saltwater/brackish water and freshwater of this transition zone appears to be gradual. The saltwater-freshwater interface is underlain by freshwater-bearing units at deeper depths and this is evidenced by increase in the resistivity values in the boreholes. The depths to this saltwater-freshwater interface vary across the study area, commonly between 150 and 160 m, and as shallow as 110 m in BH3 (Fig. 6) . The depth to the top of the freshwater aquifer is shallowest in BH3 and deepens southward toward the coast (Figs. 2) . These sand units below the transition zone typically constitute the freshwater-bearing aquifers for groundwater abstraction, judging by their high resistivity values (usually > 100 Ωm) (Figs. 3, 4 , and 5). Ola et al. (2010) delineated the saltwater-freshwater interface between 126 and 130 m in the Lagos Island, which is northeast of the study area. The difference in the depth to interface is due to the complex lithology (multilayer) variations of the Lagos Island and its coastal environs, increase and long duration of groundwater pumping from the deeper aquifers, and variation of saltwater intrusion with hydraulic gradient.
In coastal regions, groundwater commonly flow from inland recharge areas at hydraulic heads are typically high (high elevation) to areas where the hydraulic gradient are low (low elevation) in coastal regions (Buckley 2000; Barlow 2003 ). In such occurrence, because of its lower density, freshwater tends to remain above the saltwater, and this probably explains the presence of freshwater unconfined aquifer at shallower depths in some parts of the studied boreholes (Figs. 3 and 4) . However, repeated changes in sea level have been documented to influence and change the direction of groundwater flow of in coastal aquifers (Meisler, et al. 1985; Buckley 2000; Buckley et al. 2001) . The reversed transition in the deeper confined aquifers of the studied boreholes, where saltwater overlies freshwater probably results from the influence of variation in sea level caused by storms and tides, and reversed the groundwater flow direction at the ocean floor and moves seawater into the freshwater aquifers (Meisler et al. 1985; Buckley 2000; Buckley et al. 2001; Barlow 2003) . This is evidenced by the presence of broad saltwater-freshwater interface that can be attributed to the cyclic movement of seawater due to fluctuations of sea level and subsequent change in the freshwater-seawater interface (Meisler et al. 1985; Buckley et al. 2001 ). In such scenario, increase in sea level will result in inland movement of saltwater from the coast and mixes with the freshwater aquifers, thereby creating a mix transition zone. Also, during decrease in sea level, freshwater will advanced seaward and mixes with the seawater. Repeated change in sea level will thus produce a broad mixing zone in which the saltwater predominates in the deeper seawards and freshwater predominates in the shallower landwards. In addition, excessive water withdrawals from the deeper aquifers of the Coastal Plain Sands can also be responsible for the inland movement of saltwater from the coast and variation of the depth to saltwater-freshwater interface in the Apapa area and environs. 
Implication for borehole designs
Borehole design is the process of defining the drilling depth, physical materials, and dimensions for construction of a borehole (Harter 2003; Kovalevsky et al. 2004) . A good design aims to create a structurally stable, long-lasting, economical, and efficient borehole that allows free movement of sufficient, good quality, and sand-free groundwater from the aquifer into the well for extraction with proper protection from contamination (Kovalevsky et al. 2004 ). Some of the main factors that determine the design of a borehole include the objective of the borehole, quantity of groundwater, economic, and hydrogeological conditions (Harter 2003; Kovalevsky et al. 2004) . The essential components in a borehole design consist of sump, screen, well-casing pipe, gravel pack, and surface and borehole seals (Fig. 7; Harter 2003; Kovalevsky et al. 2004 ). The sump is commonly attached to the bottom of the screen to serve as a storage space for settled sand brought into the borehole and provides a bearing support for the screen assembly. The screens function as the conduits through which water flow into the borehole, stabilize the borehole wall, and control entry of sand particles into the borehole. The success of a borehole is mainly dependent on the performance of the screen. The length of the screen is based on the aquifer thickness, available drawdown, and nature of the water-bearing aquifer. The purpose of the blind borehole casing is to stabilize the borehole, provide a pathway for groundwater from the aquifer to the surface, prevent particles and contaminants from entering the borehole, and provide proper housing for the pump.
Based on the geophysical borehole data, the rock types, accurate thickness of each rock units, aquifer thickness, depths to different rock types, and properties of the aquifer, water contents can be precisely determined (Figs. 3, 4, 5) . This demonstrates that geophysical borehole logs can provide information on the essential factors needed for a well design. Two major freshwater aquifers have been distinguished in the Coastal Apapa Area: shallow aquifers, which are prone to surface contamination and overlies saltwaterbearing sediments, and deep confined aquifer, which are encountered at depths below 150-160 m (depending on the area) and directly underlies saltwater-bearing sediments. The second deep freshwater aquifer occurs at different depths with interbedded clay intervals. For a good borehole design and water development in the study area, the delineated freshwater-bearing sand section below the saltwater-freshwater interface should be considered for groundwater extraction. The depth to this transition zone varies across the area but typically greater than 160 m depth. The length of the screen depends on the aquifer thickness of individual borehole and can be separated if there are no continuous sand units in the freshwater-bearing zone to maximize the quantity of water flow into the borehole. It is suggested that a buffer zone of 20-40 m is in place between the screens and the saltwater-freshwater interface where there is no significant thick impermeable clay layer to seal off the productive freshwater aquifer from contamination. The annulus section just above the gravel packed and the screen should be cement grouted to the top to prevent contamination of the freshwater aquifer from the saltwater-saline water interface.
Conclusions
Integrated geophysical borehole logs and ditch cutting samples showed that the subsurface strata of the coastal Apapa Area is composed of alternating sequence sand, sandy clay, clayey sand, and clay. Two major freshwater aquifers have been identified: shallow aquifers, which are prone to surface contamination and overlies saltwater-bearing sediments, and deep confined aquifer, which are encountered at depths below 150-160 m (depending on the area) and directly underlies saltwater-bearing sediments. The second deep freshwater aquifer occurs at different depths with interbedded clay intervals. The delineated freshwater-bearing sand sections below the saltwater-freshwater interface have been suggested for groundwater extraction. The length of the area to be screened depends on the desired quantity of groundwater, but should be at a minimum buffer distance of 30-40 m to the saltwater-freshwater interface. The section slightly above the screen should be cement grouted to the top to seal the productive aquifer from contamination of the saltwater and surface infiltration. The geophysical borehole data in this study have been able to provide detailed information on the rock types, accurate thickness of each rock units, aquifer thickness, depth to different rock types, and properties of the aquifer water contents, which are essential factors for a good borehole design. This study further stress the importance of geophysical borehole logging in accessing accurate and detailed aquifer information for groundwater extraction, and borehole designs, developments, and completions.
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